Of the three related species Salmonella typhimurium, Klebsiella aerogenes, and Escherichia coli, the two former, but not the latter, possess the four enzymes required to convert L-histidine to ammonia, L-glutamate, and formamide ( Fig.  1) . We showed previously that in S. typhimurium the four structural genes are organized as two closely linked operons located on the bacterial chromosome between gal and bio ( Fig. 1) (10) . More recently, we found the same location and order for the corresponding genes of K. aerogenes (3) . In S. typhimurium the expression of the hut (histidine utilization) operons is regulated by a repressor. The structural gene for the repressor is hutC, a member of the left-hand operon (4) . The inducer is urocanate, produced from exogenously added histidine by histidase, whose structural gene, hutH, is a member of the right-hand operon (4) . Mutations in the hutC gene result in constitutive synthesis of all four enzymes (10) .
The enzymes of the hut system are subject to catabolite repression. Mutations at hutR, a site very closely linked to the promoter of the right-hand operon, decrease the sensitivity of this operon to catabolite repression; they also increase the rate of expression of this operon (1) . Cells with mutations in the hutR site, in contrast to wild-type cells, can use histidine as a source of nitrogen when glucose is the source of carbon (1) .
There is an additional site where mutations have pleiotropic effects: mutations in the hutM site result in increased expression of the left- ' Present address: Microbial Genetics Laboratory, Pfizer SACI, Buenos Aires, C.C. 3696, Argentina. hand operon. Cells carrying this mutation as well as the mutation in hutR can use histidine as the sole source of carbon (9) .
In this paper we compare the expression of normal hut genes of S. typhimurium as well as of hut genes mutated in the C, R, and M sites in cells of S. typhimurium, K. aerogenes, and E. coli, respectively. This was accomplished by introducing an F' hut episome whose hut genes are derived from S. typhimurium into S. typhimurium and K. aerogenes strains whose hut region had been deleted and also into E. coli (8, 10) , and then measuring the enzymes in cells grown in a variety of conditions affecting the regulation of their synthesis. The results show that the two operons respond to controls in a similar, but not identical, manner in the three organisms.
MATERIALS AND METHODS Chemicals. The chemicals used were commercial preparations described previously (1, 8) . The preparation of imidazolonepropionate (IPA) and of ['C ]formiminoglutamate (FGA) has also been described previously (5, 6, 9).
Bacterial strains. The strains referred to in this paper are listed in Table 1 . The strains of S. typhimurium used were described previously (4, 10) . E. coli M65 was obtained from Ethan Signer. K. aerogenes MK2 was also described previously (8) . The strains of E. coli and of K. aerogenes carrying episomes were prepared by conjugation with the appropriate strain of S. typhimurium by published methods (8) .
Media. The composition of the minimal medium was described previously (9 typhimurium. Two operons are involved in the hut system: hutMIGC constitutes the "left-hand operon" and hut(P,R,Q)UH constitutes the "right-hand" operon. M, Promoter-operator region of the left-hand operon; P, R, and Q, promoter-operator region of the right-hand operon. C, Member of the left-hand operon; codes for the repressor that, presumably, binds at the operator site of both operons. Urocanate, the first degradation product of histidine, is the inducer and inactivates the repressor.
J. BACTERIOL. ase and EPA hydrolase (9) , and FGA hydrolase (1) were described previously. Protein was determined with serum albumin as the standard (7).
RESULTS
Constitutive synthesis. The enzymes of the hut system are not present in measurable amounts in strains NE264, M65, and MK3, which lack the hut episome. We compared the enzyme levels in S. typhimurium NE556, K. aerogenes MK101, and E. coli G79, all of which carry the same F' hutC7 episome. Because of the hutC7 mutation, no repressor is produced. The results ( bThe specific activity of the enzyme in cells grown without addition (see Table 2 ) was taken as 100.
the levels of the enzymes in cells induced by the addition of histidine. In this case too, the ratios of histidase to urocanase and IPA hydrolase to FGA hydrolase are approximately constant, and the levels of the enzymes are higher in S. typhimurium than in the other organisms.
The results summarized in Table 5 show that histidase increases almost 100-fold upon induction in all three organisms; FGA hydrolase, an enzyme of the left-hand operon, has a much higher basal level and increases only approximately threefold upon induction. It was shown previously that the actual inducer is urocanate (1). Histidine acts as an inducer by virtue of its conversion to urocanate; imidazolepropionate is not metabolized but mimics urocanate as the inducer (1). It can be seen ( Table 5 ) that all three compounds are effective as inducers of both operons in all three organisms. Compared with histidine, imidazolepropionate is a poor inducer of histidase, but a good inducer of FGA hydrolase. Urocanate is an excellent inducer of FGA hydrolase in all three organisms; it is also an excellent inducer of histidase in K. aerogenes and E. coli but a less effective inducer in S. typhimurium.
The effects of glucose and cAMP on histidineinduced synthesis of histidase and FGA hydrolase are shown in Table 6 . These effects are essentially the same as those exerted by glucose and cAMP on the constitutive synthesis of these enzymes. The catabolite repression exerted by glucose is again strongest in K. aerogenes. cAMP antagonizes catabolite repression of histidase in all three organisms: it may antagonize catabolite repression of FGA hydrolase in K. aerogenes but not in the other organisms.
Synthesis in strains carrying "promoterup" mutations in both operons. The results of experiments in which the synthesis of hut enzymes was measured in strains carrying the F' hutMl45,hutR9 episome are shown in Table   7 . It can be seen that the mutations increase the expression of both operons in all three strains ( Table 4) . As in all other cases, the enzyme levels are higher in S. typhimurium than in other strains. The mutation in the promoter site for the right-hand operon reduces the susceptibility of histidase to catabolite repression (compare Tables 6 and 8 ). Again, cAMP antagonizes the catabolite repression of histidase but not of FGA hydrolase. (Table 8 ).
DISCUSSION
The results of the experiments described in this paper confirm our earlier findings that the hut operons of S. typhimurium are controlled by induction and catabolite repression (1, 10 b The inducers were added where indicated: L-histidine to a concentration of 13 mM and urocanate and imidazolepropionate (IP) to a concentration of 20 mM.
c The specific activity of cells growing with L-histidine as the inducer (see Table 4 ) was taken as 100.
creasing the concentration of cAMP to 10 mM does not increase the levels of histidase or FGA hydrolase (unpublished data).
Turning now to a comparison of the expression of the hut operons in the cytoplasm of S. typhimurium, K. aerogenes, and E. coli, we consider first the case in which the expression of the operons does not depend on exogenously added inducer and is not subjected to catabolite repression by added glucose ( Table 2 ). The observation that the level of all enzymes is higher in S. typhimurium than in the other organisms may suggest that the systems of K. aerogenes and E. coli are not as competent as that of S. typhimurium in transcribing the hut genes of S. typhimurium or in translating the resulting hut-specific ribonucleic acid. On the a The organisms were grown on succinate-ammonia with L-histidine (13 mM) as the inducer and with cAMP (5 mM) and glucose (0.4%) added where indicated.
b The specific activity of cells growing with L-histidine as the inducer (see Table 4 ) was taken as 100. The specific activity of cells grown with L-histidine as the inducer (see Table 7 ) was taken as 100.
cells caused by the sonic disruption method we employed.
The protein specified by the hutC gene of S. typhimurium is a very effective repressor of the right-hand operon (hutU,hutH) and a much less effective repressor of the left-hand operon (hutI,hutG) in all three organisms (Tables 4   and 5 ). The repression can be overcome by the addition of histidine, urocanate, or imidazolepropionate. Histidine is an excellent inducer of both operons in all three organisms. Imidazolepropionate, an analogue of the actual inducer, urocanate, induces the left-hand operon more effectively than the right-hand operon in all three organisms. Apparently, a reduction in the repressor level sufficient to release the left-hand operon almost completely from repression is insufficient for a complete release of the righthand operon from repression. We showed previously that the structural gene for the repressor hutC is a member of the left-hand operon (11) . Consequently, the increase in the expression of the left-hand operon upon addition of imidazolepropionate is accompanied by a corresponding increase in the level of repressor. Apparently, the intracellular level of imidazolepropionate is inadequate for inactivation of this quantity of repressor. Urocanate, the actual inducer, when exogenously supplied, is an effective inducer of the left-hand operon in all cases and of the right-hand operon in K. aerogenes and in E. coli. It does not fully induce histidase in S. typhimurium. This finding reflects the poor uptake of urocanate by cells of S.
typhimurium (1).
The enzymes are sensitive to catabolite repression in all three organisms (Tables 3, 6 , and 7). In all instances, FGA hydrolase, an enzyme of the left-hand operon, is less severely repressed than histidase, an enzyme of the right-hand operon. The catabolite repression of both operons is most severe in K. aerogenes. The mutation in the promoter for the righthand operon, hutR9, which renders histidase less susceptible to catabolite repression in S. typhimurium (1) , has a similar effect in E. coli but very little effect in K. aerogenes (Table 8) . The other effect of the hutR9 mutation, increased expression of the operon, is apparent in all three organisms (compare Tables 4 and 7) . Similarly, the mutation in the promoter of the left-hand operon, M145, which results in increased expression of this operon in S. typhimurium, has a similar effect in K. aerogenes and in E. coli.
We can say, in conclusion, that the expression of the hut system is almost entirely determined by the genetic constitution of this system. The small differences observed when the hut genes derived from S. typhimurium are made to function in K. aerogenes and E. coli are explained by the fact that exogenous urocanate' enters cells of the latter organisms more readily than those of S. typhimurium and by the fact that K. aerogenes can generate a stronger degree of catabolite repression than the other two organisms. This is also reflected by the greater repression of ,B-galactosidase by glucose in K. aerogenes when compared with that in E. coli (8) .
